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Introduction
Obesity is associated with increased incidence of metabolic complications such as type 2 diabetes, hypertension, dyslipidemia and atherosclerosis. It is well established that weight loss ameliorates the metabolic dysfunction but the molecular mechanisms are unclear (1, 2) . Adipose tissue is an important metabolic organ that has the capacity to store and release energy in response to variations in the demand. In addition to its key role in energy storage, the adipose tissue is also a major endocrine organ. Numerous studies have described changes in individual genes during caloric restriction.
However, only a few have investigated the effect on global adipose tissue gene expression (3) (4) (5) and to our knowledge, there are no studies where the effects of both caloric restriction and over-feeding have been documented in humans. Furthermore, previous studies have not been designed to separate the effect of changes in caloric intake from changes in body weight. This distinction may be highly relevant since beneficial metabolic effects of caloric restriction appear to occur before substantial weight loss (1) . The aim of this study was therefore to search for adipocyte genes regulated by changes in caloric intake per se.
Material and Methods
The studies were approved by the regional ethics committees in Gothenburg and Linköping. All participants gave written informed consent. All samples were taken after an overnight fast. Additional methods are given in Supplementary Material and Methods.
Subjects

The Very Low Calorie Diet (VLCD) Study
The VLCD study included 40 obese subjects and, of these, 18 males and 6 females, 28 to 61 years of age and BMI ranging from 30.7 to 48.8 kg/m 2 were included in the DNA microarray analysis. As previously described (6) , all subjects were given VLCD (450 kcal/day; Cambridge Manufacturing, Northants, UK) for 16 weeks, followed by a 2 week re-feeding period when ordinary food was gradually introduced under the guidance of a dietician. At baseline, weeks 8, 16 and 18, assessments and measurements were performed and adipose tissue biopsies were obtained. Food intake was estimated using a 4-day food registry before the start and at the end of the study.
In a second VLCD study, adipose tissue biopsies were obtained at baseline and week 8 from 24 obese subjects (9 males and 15 females) for real-time PCR verification (7).
The Fast Food (FF) Study
The FF study included 18 lean subjects and, of these, 4 males and 2 females, 21 to 28 years of age and BMI ranging from 18.7 to 24 kg/m 2 were included in the DNA microarray analysis. The participants were healthy as judged by medical examination and history. Food intake was estimated using a 3-day food registry before the start of the study. Each subject doubled their caloric intake by eating a fast food diet rich in protein and saturated animal fat over a period of 4 weeks. During the study, physical activity, measured using a pedometer, was limited to 5000 steps per day. At baseline and week 4, assessments and measurements were performed and adipose tissue biopsies were obtained.
Results
Changes in energy intake and body weight
Characteristics of the subjects in the VLCD study are shown in Supplementary Table 1 
Identification of genes transcriptionally regulated in response to changes in energy intake
Using the criteria described in the Material and Methods section we identified 50 genes positively regulated and 52 genes negatively regulated by caloric intake (Table 1 and Supplementary Table 2 and 3). The analysis also shows overwhelming evidence for consistency among the selected profiles of the two studies ( Supplementary Fig 1 and Supplementary Table 4 ). To determine which biological processes that were affected by caloric intake, regulated genes were classified by PANTHER. Lipid and fatty acid metabolism were the major biological processes positively regulated by caloric intake (Supplementary Fig. 2A ). Genes negatively regulated by caloric intake were mainly involved in protein synthesis and metabolism ( Supplementary Fig. 2B To confirm the microarray results, we analysed the expression of three genes, SCD, GPX3 and C6, which were regulated by caloric intake in samples from subjects in the FF study and in samples from additional subjects treated with VLCD. Real-time PCR analysis confirmed the positive regulation of SCD and the negative regulation of GPX3 and C6 by caloric intake (Fig. 1A) .
Plasma levels of pigment epithelium derived factor (PEDF)
Several of the genes regulated by caloric restriction, re-feeding and over-feeding in this study coded for secreted proteins (Table 1) . Among these, PEDF has previously been shown to be secreted by adipocytes (8) . To investigate if the changes in PEDF gene expression were accompanied by changes in circulating levels we measured PEDF plasma levels. In the VLCD study (n=24), PEDF plasma levels decreased between baseline and week 8 (P<0.0001) and increased between weeks 16 and 18 (P=0.0010). In the FF study (n=15), the plasma levels of PEDF increased between baseline and week 4 (P=0.010, Fig. 1B ).
Discussion
It is well established that weight loss improves metabolic function in obese subjects (9-13). However, prior to any major weight loss, caloric restriction significantly improves insulin sensitivity in humans (1, 14) , and bariatric surgery reduces mortality independently of the amount of the weight loss (2).
Thus, changes in energy intake may exert profound effects on whole body metabolism independent of changes in body weight. Adipose tissue undergoes dramatic changes when caloric intake is altered including changes in gene expression. However, it is not known whether the altered gene expression is caused directly by alterations in caloric intake or requires changes in adipose tissue mass. We therefore identified adipocyte genes that were regulated by caloric intake using expression profiles from obese subjects undergoing caloric restriction followed by a re-feeding period and healthy subjects undergoing over-feeding.
In the VLCD study, gene expression was analyzed in whole adipose tissue whereas isolated adipocytes were used in the FF study. Since the genes regulated in this report had to differ in all three comparisons our data reflect adipocyte specific changes in gene expression. Furthermore, since our comparisons included the practically weight stable re-feeding phase when caloric intake differed considerably, the genes identified in this report were solely responding to changes in energy intake and not changes in body weight.
Changes in caloric intake led to a coordinated regulation of mRNA for the rate limiting enzymes in the de novo synthesis of fatty acids, ATP citrate lyase, acetyl-CoA carboxylase, fatty acid synthase and the rate limiting enzymes in the synthesis of unsaturated fatty acids, fatty acid destaturase 1 and 2 and SCD. Our data fit well with previous findings demonstrating that caloric restriction leads to a decreased de novo lipogenesis (15) . The regulation of the rate limiting enzyme in the fatty acid beta oxidation, carnitine palmitoyltransferase 1B, suggests that there is an increased oxidation of fatty acids within adipocytes during caloric restriction and at times when energy is abundant fatty acids are stored as triacylglycerol instead of being used as fuel.
Another important process affected by changes in caloric intake was protein synthesis. In mice, adipose-specific interference of protein translation has been shown to have profound impact on obesity and insulin resistance, effects that appear to be attributed to changes in energy expenditure (16) . A large set of genes coding for ribosomal proteins and initiation factors were negatively regulated by caloric intake. However, the two most important genes for inhibition of protein synthesis, eukaryotic initiation factor 4E binding protein 1 (4EBP1) and 4EBP2, were also negatively regulated by caloric intake. Thus, despite increased expression of several genes coding for ribosomal proteins and initiation factors during caloric restriction, translation may still be inhibited due to higher mRNA levels of 4EBP1 and 4EBP2. Our findings are in line with previous studies which show that the protein synthesis is strongly influenced by nutritional status (17) .
In addition to its energy storing capacity, adipose tissue functions as an endocrine organ that secretes specific factors collectively known as adipokines. Several of these were regulated in our study (Table   1 ) and have previously been associated with insulin sensitivity and obesity. Intriguingly, PEDF administration to lean mice induces insulin resistance whereas PEDF neutralisation in obese rodents enhances insulin sensitivity (8) . Furthermore, PEDF levels are elevated in subjects with the metabolic syndrome (18) and type 2 diabetes (19) . However, data regarding the regulation of PEDF in humans are lacking. In accordance with the changes in mRNA expression, PEDF plasma levels decreased in response to caloric restriction with the opposite regulation during re-feeding and over-feeding (Fig.   1B) . This finding provides new evidence about the regulation of PEDF and suggests that alterations in PEDF plasma levels may precede the clinical manifestation of an obese phenotype.
The two most well-known adpokines, leptin and adiponectin, were not regulated by diet since neither of them were significantly regulated in all comparisons i.e. by caloric restriction, re-feeding and overfeeding. The major reason was that the mRNA expression was not changed during the re-feeding or the over-feeding period suggesting that a longer period of over-feeding accompanied with a larger weight gain is needed to induce significant changes in these genes.
Several studies have analyzed the transcriptional response of adipose tissue to caloric restriction (3) (4) (5) whereas only one has studied the effect of over-feeding (20) . We did find overlap in identified genes with all these studies but there also many differences. This is most likely due to that we have combined data from a caloric restriction and an over-feeding study and that we have only studied genes that are solely regulated in response to changes in caloric intake. The studies from the other groups have identified genes that are differently regulated in response to calorie restricted diets with different macronutrient composition and the study by Shea et al have identified genes that are differently regulated during over-feeding in lean and obese subjects.
In conclusion, through a combined analysis of gene expression data from human subjects undergoing caloric restriction and over-feeding, we have identified adipocyte genes that are regulated by changes in caloric intake per se and not by changes in weight. Our data show that metabolic genes involved in lipogenesis, protein synthesis and insulin resistance are central in the transcriptional response of adipocytes to changes in caloric intake. 
Figure Legends
